Abstract-We quantified the effects of deep brain stimulation (DBS) of the subthalamic nucleus (STN) and medication on Parkinsonian rigidity using an objective measure of work about the elbow joint during a complete cycle of imposed 1-Hz sinusoidal oscillations. Resting and activated rigidity were analyzed in four experimental conditions: 1) off treatment; 2) on DBS; 3) on medication; and 4) on DBS plus medication. Rigidity at the elbow joint was also assessed using the Unified Parkinson's Disease Rating Scale (UPDRS). We tested ten patients who received STN DBS and ten age-matched neurologically healthy control subjects. The activated rigidity condition increased work in both Parkinson's disease (PD) patients and control subjects. In PD patients, STN DBS reduced both resting and activated rigidity as indicated by work and the UPDRS rigidity score. This is the first demonstration that STN stimulation reduces rigidity using an objective measure such as work. In contrast, the presurgery dose of antiparkinsonian medication did not significantly improve the UPDRS rigidity score and reduced work only in the activated rigidity condition. Our results suggest that STN DBS may be more effective in alleviating rigidity in the upper limb of PD patients than medications administered at presurgery dosage level.
I. INTRODUCTION

R
IGIDITY is one of the three cardinal signs of Parkinson's disease (PD), along with tremor and bradykinesia. At present, there is no cure for Parkinson's disease although L-dopa alleviates Parkinsonian symptoms [1] . As the disease progresses, the efficacy of L-dopa decreases and the incidence and severity of the side effects increase [2] . Deep brain stimulation (DBS) of the subthalamic nucleus (STN) has been shown to modify several of the neurophysiological parameters associated with tremor and bradykinesia better than medication alone [3] , [4] . STN DBS has also been shown to improve clinical measures of rigidity [2] , [5] - [8] .
In the clinic, rigidity is assessed by a neurologist who moves the subject's limb. The level of involuntary resistance to the imposed movement is scored using a clinical rating scale, such as the Unified Parkinson's Disease Rating Scale (UPDRS). The UPDRS is a subjective scale and the rigidity scores for the same patient may differ widely depending on the examiner [9] . As such, considerable effort has been extended over the years to objectively quantify Parkinsonian rigidity in a laboratory setting [10] - [17] or by using portable devices [9] , [18] - [20] . In a seminal study, Webster [21] suggested that involuntary resistance to imposed movement can be quantified by measuring a resistive torque generated by the subject when the limb is passively moved by a computer controlled torque motor. Webster [22] also introduced the terms "resting rigidity" and "activated rigidity." In the resting rigidity condition, the patient is asked to completely relax while the examiner passively moves the limb. Activated rigidity refers to a well-known clinical observation that resistance of the passively moved limb increases when the patient is asked to perform a concurrent active movement task with the other limb. In a number of previous studies, calculated mechanical work done by the rigid limb has been used as a quantitative measure of both resting and activated rigidity [11] , [13] - [15] , [23] - [25] .
The purpose of the present study was to examine the effects of presurgery therapeutic doses of medication and STN DBS on resting and activated rigidity in patients with PD. We used both a subjective rating scale such as the UPDRS and a quantitative measure of mechanical work done by the passively moved limb. Patients were tested in four treatment conditions: 1) off treatment; 2) on DBS; 3) on medications (Meds); and 4) on DBS plus Meds.
II. METHODS
A. Subjects
Ten subjects with sporadic PD whose ages ranged from 50 to 72 years old (mean age 64 years, sd 6.34 years) and ten age and gender matched control subjects from 51 to 72 years old (mean age 64 years, sd 6.67 years) participated in the rigidity experiments. A priori inclusion criteria were established for the study, and the first ten PD patients who received STN DBS and met the criteria were chosen for the study. Patients were examined by a neurologist specializing in movement disorders and included in the study if they: 1) had sporadic PD as outlined by the Parkinson's Disease Society Brain Bank diagnostic criteria [26] , [27] and 2) were deemed to have upper limb rigidity. The experiment was performed 3 to 38 months (average 18 months) after surgery. All subjects gave written informed consent to all experimental procedures, which were approved by the local Institutional Review Board (University of Illinois, Chicago) and Rush University Medical Center. In nine cases, quadripolar DBS electrodes (model 3389, Medtronic Inc, Minnesota, USA) were implanted in the STN opposite to the most severely affected body side, and in one case electrodes were implanted bilaterally. For the patient with bilaterally implanted electrodes, the most affected limb was studied (right limb), and the right deep brain stimulator was deactivated 16 h prior to the inception of the testing and remained off throughout the entire four-day study [28] . Subsequently, only the left deep brain stimulator was manipulated during the four-day study. Surgery was performed as part of clinical care according to standard procedures [29] , [30] . Briefly, the anatomical target was based on standard stereotactic coordinates while the patient was in the MRI scanner with a Leksell stereotactic head frame in place [31] . MRI images were subsequently reformatted and coordinates refined using a Stealth system. Intra-operatively, microelectrode penetrations were made through a burr hole to verify the neurophysiological target [29] , [32] . Responses to sensory stimuli (passive movements of upper and lower limbs) were sought to identify the sensorimotor portion of the STN, where the DBS lead was subsequently placed ventral to this region. In our study, as part of the surgery protocol, we recorded the pattern of firing of the cells within STN that changed with the electrode path and estimated the length of STN from the electrode path to always be greater than 4 mm for the subjects in this study. In addition, the contacts for all but two of the patients in this study were at 0 and 1 (monopolar), and most estimates of current spread do not suggest that the thalamus could have been stimulated [33] , [34] . Postoperatively, MRI demonstrated appropriate placement of the DBS lead.
Following surgery, stimulation parameters were optimized in order to reduce presurgery scores on the motor section of the UPDRS. The same neurologist rated the entire motor section of the UPDRS for each patient off treatment, on STN DBS, on medication, and on the combination of STN DBS and medication. Optimization took place during several visits over the ensuing months. At the time of the experiments, the frequency was 185 Hz for all patients, and in all but four cases the pulse width was 60 s. For subjects 3, 5, 6, and 9 the pulse width was 90 s. The stimulation intensity varied from 1.7 to 4.0 V (mean V, sd ). Stimulation voltage and electrode contacts for each patient are listed in Table I .
B. Procedures
The patients were tested on four separate consecutive days in the morning under each of four treatment conditions: 1) off treatment; 2) on DBS; 3) on Meds; and 4) on DBS plus Meds. The order of testing conditions (1-4) was randomized across subjects. The control subjects were tested on one day in the morning. For the on Meds and on DBS plus Meds conditions (Table I) , patients took the clinically determined preoperative medication dosage [35] . We used presurgery dosage levels instead of postsurgery dosage levels because most patients had a reduction in their medication postsurgery, and we wanted to make certain that each patient received a therapeutic benefit from their medication. We were interested in studying a therapeutic dose of levodopa rather than a suprathreshold dose since this is what patients use in daily life. The medication dose was the first dose taken prior to testing. For example, if the patient takes 2 Sinemet (Carbidopa/Levodopa) 4 times/day the amount listed in Table I would be 2 sinemet. This is the presurgery medication dose.
The stimulators were switched off and on by one of the experimenters using a Medtronic Console Programmer (Model 7432). In the off treatment condition, patients were always tested following 12 h without the specific treatment [36] . For instance, the night prior to the off treatment condition both treatments were withheld, and the night prior to the on DBS condition only medications were withheld. For the off treatment and on Meds conditions, each patient was examined using the Medtronic Console Programmer to ensure that the stimulator was off. For the on DBS, on Meds, and on DBS plus Meds conditions, the treatment(s) were active for at least 12 h prior to rigidity testing.
C. Experimental Setup
The subject was seated with the arm abducted 90 . The subject's arm was placed in a supine position and lightly strapped to a rigid, lightweight manipulandum bar which can freely rotate in the horizontal plane, such that the axis of rotation aligns with the elbow (Fig. 1) . A torque motor is mounted underneath the manipulandum such that the axes of rotation of the torque motor and manipulandum coincide. Servo control was used to have the motor move the limb along a sinusoidal trajectory. Joint angle was measured by a capacitive transducer mounted on a shaft of the torque motor. Joint torque was measured by a torque transducer (Sensotec) that is inserted between the shafts of the motor and manipulandum. Position and torque signals were low-pass filtered with an analog third order Bessel filter with a 50-Hz cutoff frequency. Muscle surface electromyograms (EMG) were recorded with Bagnoli electrodes (Delsys), taped over the bellies of the biceps brachii, brachioradialis, and triceps (lateral and long heads) muscles. The EMG signals were amplified and band-pass filtered . All signals were digitized at 1000 samples/s (National Instruments). Digitized EMG signals were full-wave rectified and then low-pass filtered with a second-order dual-pass Butterworth filter with a 50-Hz cutoff frequency. Digitized angle and torque signals were low-pass filtered with a second-order dual-pass Butterworth filter with a 4-Hz cutoff frequency.
D. Experimental Protocol
The limb contralateral to the stimulator was tested. The subject was asked to relax the test limb. The motor moved the arm for 60 s along a 1-Hz sinusoidal trajectory over a range of 60 ( 30 from the middle point of the elbow flexed at 90 ). The protocol included resting and activated rigidity conditions. The resting condition was conducted without mental or physical stressors in the form of secondary tasks. Additionally, during the resting condition, subjects were instructed to refrain from talking. In the activated rigidity condition, the subject was instructed to perform a concurrent secondary motor task with the hand ipslilateral to the stimulator. The motor task was a sustained isometric finger flexion. The isometric finger flexion task was chosen for two reasons. First, we wanted to examine the effect of a continuous descending motor command on rigidity in the contralateral limb. Second, we wanted to minimize any mechanical effects of limb movement on rigidity, and an isometric task which isolates the finger joint is unlikely to cause any carryover of mechanical perturbations to the contralateral limb.
The target force level for the secondary motor task was determined as follows. Subjects were initially asked to perform a maximum voluntary contraction (MVC) with their index finger in flexion at the second metacarpaphalangeal joint (MCP), and 5% of their MVC was calculated. Next, subjects performed the motor secondary task where they were required to produce and sustain a force which was equal to 5% of their MVC. An Entran calibrated load cell, with an excitation voltage of 10 V and a sensitivity of 190.50 mV/N, measured the amount of force exerted by the subjects during the MVC and during the secondary motor task. The load cell was affixed to the top of a stationary, rectangular, wooden box, which was positioned on top of the supportive surface for the limb ipsilateral to the stimulator. Subjects received visual feedback from a display computer monitor positioned in front of the subject. Subjects were instructed to push on the load cell to move the cursor to the target and then to maintain the cursor at the target until they heard an auditory "end" beep. A high control-to-display visual feedback gain level was used for this task, which meant that small changes in the amount of force produced caused large fluctuations in cursor movement. This visual feedback setup ensured that subjects had to attend to the display computer monitor in order to maintain the cursor at the target [37] .
E. Rigidity Measures
Resistance to passive movement was quantified by calculating the average work done by the motor over one cycle [21] . The work was calculated by integrating the resistive torque over angle over 20 cycles of oscillations and dividing by the number of cycles. For each condition, a 20-s portion from the middle of one recorded trial was analyzed starting from s. Work was considered an objective measure of rigidity. Note that the torque and angle channels were low-pass filtered with a 4-Hz cutoff frequency (see Section II) so that a 4-8-Hz Parkinsonian tremor, that may be present in some of the subjects and in some of the conditions, did not affect . In addition, rigidity in the same limb was subjectively assessed using scores on the motor section of the UPDRS: 0-absent; 1-slight or only with activation; 2-mild/moderate; 3-marked, full range of motion is achieved with difficulty; 4-severe, full range of motion is not achieved. The UPDRS testing was done for all ten subjects in the resting condition and for nine out of ten subjects in the activated rigidity condition.
F. Statistical Analysis
Analysis of variance (ANOVA) was used to analyze both UPDRS scores and work . The effects of disease and activation condition were evaluated using a two-factor repeated measures ANOVA with one between groups factor and one within groups factor: (PD versus controls) (resting versus activated). The effects of medication and STN DBS were evaluated using a three-factor repeated measures ANOVA: medication (off versus on) DBS (off versus on) condition (resting versus activated). Post hoc analysis using Tukey's HSD test was done when a significant interaction between the main factors was found. All analyses were performed using Statistica (StatSoft). 
III. RESULTS
The muscle EMGs and torque-angle relations in the resting and activated rigidity conditions in a PD subject off treatment are illustrated in Fig. 2 . In the resting condition, the imposed oscillations elicited small EMG bursts in the triceps muscle and the biceps EMG does not appear to be modulated at all (Fig. 2 , column A, EMG panel). In contrast, in the activated rigidity condition, the same imposed movement elicited pronounced reciprocal EMG bursts in the biceps and triceps muscles (Fig. 2,  column B, EMG panel) . The area of the ellipse in the torqueangle plot, which is quantified as work , is larger in the activated rigidity condition than in the resting condition (Fig. 2 , torque-angle panels). The UPDRS score in this subject was 2 in the resting condition and 3 in the activated rigidity condition. These data illustrate that the secondary motor task resulted in an increase in rigidity reflected in a larger area of the ellipse and correspondingly higher value than in the resting condition. We also compared calculated for the neurologically healthy age-matched control subjects (Fig. 3, open squares) and PD patients off treatment (Fig. 2, filled circles) in the resting and activated rigidity conditions. The work calculated for the PD patients was significantly higher than the work for the control subjects . The data also clearly show that the secondary motor task resulted in an increased in both control subjects and PD patients . All interactions did not approach significance. These findings show that work is a valid operational measure of limb resistance that is sensitive to both disease and the activation maneuver.
The changes in UPDRS rigidity scores for the tested upper limb (Fig. 4, top panels A, B) were analyzed. The activated rigidity condition resulted in significantly increased UPDRS scores , compare the data in panels A and B, Fig. 4 ). STN DBS reduced UPDRS rigidity scores . However, we found that medication administered at the presurgery dosage level did not significantly lower UPDRS rigidity scores . All interactions did not approach significance.
Next, we analyzed changes in (Fig. 4, bottom panels C,  D) . Similarly to the UPDRS scores, activated rigidity resulted in a significantly increased . STN DBS significantly lowered , while the main effect of medication was not significant . Unlike the UPDRS scores, however, the values showed a significant interaction between medication and secondary motor task . Medication significantly reduced in the activated rigidity condition (Tukey's HSD test, , see also Fig. 4 , D) but not in the resting rigidity condition (Fig. 4, C, ). A significant interaction was found between STN DBS and secondary motor task . In particular, STN DBS reduced more in the activated rigidity than in the resting rigidity condition (Fig. 4, C, D) . All other interactions did not approach significance.
IV. DISCUSSION
In this paper, we have shown that STN DBS reduced both resting and activated rigidity as indicated by the subjective UPDRS rigidity score and objective measure. Second, medication administered at the presurgery dosage level did not significantly improve the UPDRS rigidity score. This result can be partially explained by the fact that four out of ten patients in our study had low resting rigidity (Table I, Item 22) . However, medication significantly lowered in the activated rigidity condition. Since the activated rigidity was high in all subjects (Fig. 4, D) , this result suggests that medication administered at presurgery dosage level does have a beneficial effect when rigidity is high. Third, the secondary motor task had a similar effect of increasing work in both PD patients and age-matched neurologically healthy control subjects.
When rigidity in the upper extremity is assessed using the UPDRS, the patient is asked to relax and the examiner flexes/extends the patient's limb in an approximately sinusoidal manner with a frequency that may range from less than 0.5 Hz up to 2 Hz [9] , [38] . The purpose of objective measurements of rigidity such as is to use a reproducible and easily quantifiable manipulation that simulates the salient features of the neurological exam. Webster and his colleagues [21] , [22] , [25] had a torque motor move the forearm over 100 with a constant velocity of 20 deg/s so that the full flexion-extension cycle took 10 s to complete. In the later studies, faster oscillations with a frequency of 0.5 Hz over a shorter angular range of 40 -50 were used in the elbow experiments [14] , [15] , and rigidity in the wrist was tested using 1-1.5 Hz sinusoidal oscillations with a displacement [13] . In a study of rigidity at the wrist, Teravainen and his colleagues [11] explored a range of waveform parameters: displacements from to , sinusoidal oscillations with frequencies from 0.2 Hz to 1.6 Hz, and a constant velocity waveform with a range of velocities from 24 to 190 deg/s. They concluded that a sinusoidal waveform was better than a constant velocity waveform in preventing the subject from assisting the movement and that rigidity was better detected using velocities of 140-190 deg/s and larger displacements. Therefore, in the present study we chose a 1-Hz sinusoidal waveform with a displacement and 190 deg/s velocity amplitude. While this waveform does not cover the extremes of the angular excursion where severe rigidity may be most pronounced, work Our data demonstrated that differentiated between PD and healthy controls and between resting and activated rigidity (Fig. 3) . Note that activated rigidity increased in both PD and age-matched healthy controls which is contrary to the results of Relja et al. [15] . They reported that the activation maneuver did not affect the control subjects. The difference may be due to the fact that Relja and colleagues analyzed the data for 103 subjects aged 25-85 years old, while the age of control subjects in our study was 51-72 years old. Fung et al. [13] found that an activation maneuver increased the angular impulse in two out of ten controls aged 53-70 years old, while in our experiment increased in nine out of ten controls. Our results are compatible with those of Kirollos and colleagues [14] who reported that an activation maneuver had a similar effect on PD and elderly controls but did not affect the young control subjects. We hypothesize that the effect of secondary motor task on resistance to imposed movement becomes more pronounced with age.
Activated rigidity is routinely used in clinical examination. If resting rigidity is not detected, then the patient is asked to do an activation maneuver with the other arm, e.g., clenching the fist, and the UPDRS score for the activated rigidity condition is assigned. If resting rigidity is detected, then the UPDRS score for resting rigidity is assigned and activated rigidity is not assessed. Because a UPDRS score may reflect either resting or activated rigidity the interpretation of treatment effects based on UPDRS data is complicated. Following the approach of Webster [22] , several studies have examined resting and activated rigidity separately. Webster and Mortimer [25] found that L-dopa reduced in resting but not activated rigidity while Relja et al. [15] found that L-dopa decreased both resting and activated rigidity. We found that medication administered in a presurgery dose did not significantly reduce UPDRS scores and significantly reduced work only in the activated rigidity condition (Fig. 4) . Comparison of our findings with the published results is complicated by differences in medications and dosage administered in each study. Kirollos et al. [14] reported that two tabs of Sinemet CR (Carbidopa/Levodopa) reduced activated rigidity while one tab of Sinemet CR had no effect. Krack and colleagues [6] administered a dose of liquid L-dopa 50% higher than the usual morning dose of dopaminergic medication. They reported that with the DBS on, the scores on medication did not improve compared to off medication. However, a recent literature review [5] stated that one year after surgery, STN DBS reduced mean rigidity scores by 63% when patients were off medication and when STN DBS was combined with medication the rigidity scores were reduced by 73% when compared to preoperative off scores. It was also reported that in the preoperative period, medication reduced rigidity scores by 58% compared with the off scores. Thus, medication reduced rigidity by 58% before surgery while STN DBD alone reduced rigidity by 63% which suggests that, one year after surgery, STN DBS alone improved rigidity scores better than medication before surgery. A number of factors influence evaluation of the effect of medications on rigidity when STN DBS is on. In particular, medication may provide some additional improvement in rigidity in cases when the stimulation effect is less than optimal because of differences in the electrode placement or stimulation parameters. When the stimulation delivers the best results, however, medication may not further improve rigidity. Second, the differences in the dosage of medication administered during the test may have affected the UPDRS scores. Also, may be a more sensitive measure of rigidity than the UPDRS which has a rather coarse scale from 0 to 4. Overall, both the previously published reports and our results suggest that once the STN stimulation is on, medication does not provide further significant improvement in rigidity.
Our results that STN DBS significantly improves UPDRS rigidity scores confirm previously published results [5] , [6] . In addition, we found that STN DBS had a greater effect on in activated rigidity than resting rigidity (Fig. 4, lower panels) . The exact mechanisms of how STN DBS improves rigidity remain poorly understood. Meara and Cody [39] reported that an imposed movement at the wrist elicited phasic modulation in the EMGs which strongly increased in the activated rigidity condition. They suggested that the activation maneuver facilitates proprioceptive reflexes. We also observed large EMG bursts in the passively moved limb that were clearly elicited by the 1-Hz imposed oscillations (Fig. 2, B, EMG) . The EMGs in the resting rigidity condition were much less modulated (Fig. 2, A , EMG). These observations support the idea that facilitation of proprioceptive reflexes underlies the increase in resistance in activated rigidity. An essential role of proprioceptive reflexes in rigidity was illustrated in experiments where rigidity was abolished by an intramuscular injection of novocain that selectively blocked the gamma fibers [40] , [41] . It has been suggested that reduction of autogenic inhibition via spinal Ib interneurones is the key mechanism for rigidity at the spinal level [42] , [43] . Spinal Ib interneurones are under descending control of the tegmentum and reticular formation, and abnormal activity of the basal ganglia in Parkinson's disease indirectly influences the spinal Ib interneurones via connections between the basal ganglia and tegmentum [44] . STN DBS has been shown to restore the abnormally reduced autogenic inhibition yet it showed no correlation between the changes in rigidity and autogenic inhibiton [45] . Thus, although STN DBS has been shown to reduce Parkinsonian rigidity the neural mechanisms underlying the effect of stimulation remain unclear and a fertile ground for further research. 
